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ABSTRACT We have recently shown that the adenovirus 
type 5 E4orf6 protein interacts with the cellular tumor sup- 
pressor protein p53 and blocks p53 transcriptional functions. 
Here we report that the E4orf6 protein can promote focus 
formation of primary rodent epithelial cells in cooperation 
with adenovirus E1A and E1A plus E1B proteins. The E4orf6 
protein can also inhibit p53-mediated suppression of E1A plus 
ElB-19kDa-induced focus formation. Mutant analysis of the 
E4orf6 protein demonstrates that these activities correlate 
with the ability of the adenovirus protein to relieve transcrip- 
tional repression mediated by the carboxyl-terminal region of 
p53 in transient transfection assays. We further demonstrate 
that expression of wild-type E4orf6 correlates with a dramatic 
reduction of p53 steady-state levels in transformed rat cells. 
Our data demonstrate that adenovirus type 5 encodes two 
different proteins, ElB-55kDa and E4orf6, that bind to p53 
and contribute to transformation by modulating p53 tran- 
scriptional functions. 

The cellular phoshoprotein p53 is a sequence-specific DNA- 
binding protein and a transcription factor, capable of both 
transactivating and repressing transcription (1, 2). p53 can 
suppress oncogenic transformation (3, 4), negatively regulate 
mammalian cell cycle progression, and induce apoptosis. It has 
been well established that these activities are necessary for p53 
to function as a tumor suppressor (5). Inhibition of its ability 
to regulate transcription by mutations or by association with 
viral oncoproteins correlates with oncogenesis (reviewed in 
refs. 6 and 7). 

Human adenovirus type 5 (Ad5) encodes two different 
proteins, ElB-55kDa and ElB-19kDa, that can independently 
cooperate with adenovirus El A protein in the transformation 
of primary cells in culture (8). This function is most likely due 
to their ability to inhibit at least in part ElA-induced p53- 
dependent apoptosis (reviewed in ref. 9). The ElB-55kDa 
protein binds to the amino-terminal transactivation domain of 
p53 (10) and blocks the ability of p53 to activate transcription 
(11). It appears that ElB-55kDa functions as a direct tran- 
scriptional repressor that is targeted to p53-responsive pro- 
moters by binding to p53 (11). Mutant analysis of the 55-kDa 
product indicates that inhibition of p53-mediated transactiva- 
tion correlates with the transformation potential of E1B- 
55kDa (12). The ElB-19kDa protein shares functional and 
structural homologies with the cellular Bcl-2 protein (13). Both 
the ElB-19kDa and Bcl-2 proteins block apoptosis induced by 
p53 (14), tumor necrosis factor a (TNF-a), and Fas antigen 
(15, 16). It has been suggested that ElB-19kDa may overcome 



The publication costs of this article were defrayed in part by page charge 
payment. This article must therefore be hereby marked "advertisement" in 
accordance with 18 U.S.C. §1734 solely to indicate this fact. 

Copyright © 1997 by The National Academy of Sciences of the USA 

0027-8424/97/94 1 206-6$2.00/0 

PNAS is available online at http://www.pnas.org. 



p53-induced apoptosis by alleviating p53-mediated transcrip- 
tional repression (15, 17) and by binding to the p53-inducible 
death-promoting protein Bax (18). 

Recently we have shown that a second adenoviral protein 
encoded by open reading frame 6 (orf6) of the early region 4 
(E4) transcription unit forms a stable complex with p53 in 
virus-infected cells and in vitro (19). In contrast to ElB-55kDa, 
the E4orf6 protein binds to the carboxyi-terminal region of 
p53. Transient transfection experiments demonstrate that the 
E4orf6 protein, like ElB-55kDa, can block p53-mediated 
transcriptional activation (\9). The E4orf6 protein blocks 
p53-stimulated transcription by interfering with the ability of 
the amino-terminal domain of p53 to contact TAFII31, a 
component of TFIID. The mechanism by which E4orf6 bind- 
ing abrogates the p53-TAFII31 interaction is not clear yet. The. - 
carboxyl-terminal domain of p53 has several biological func- 
tions that regulate DNA binding, nuclear localization, oli- 
gomerization; and both nonspecific DNA binding and recog- 
nition of DNA damage (reviewed in refs. 7 and 20). Consid- 
erable evidence suggests that the carboxyl-terminal region of 
p53. plays an important role in p53-mediated induction of 
apoptosis that may involve the interaction with two subunits 
(XPB and XPD) of the transcription-repair complex TFIIH 
(21). In addition, recent evidence indicates that the transcrip- 
tional repression function of the carboxyl-terminal region of 
p53 may be important in mediating apoptosis (15, 17). These 
observations raise the possibility that binding of E4orf6 to the 
carboxyl-terminal domain of p53 might antagonize transcrip- 
tional and other functional properties of the tumor suppressor 
protein that may be most critical for tumor suppressor function 
of p53. 

To examine this model, wild-type E4orf6 and two mutants 
of the E4orf6 protein were tested for their ability to inhibit p53 
transcriptional functions and their ability to transform primary 
baby rat kidney (BRK) cells in cooperation with El A and El A 
plus E1B proteins. 

MATERIALS AND METHODS 

Plasmids and Transient Transfections. The construction of 
plasmids using the cytomegalovirus (CMV) major immediate 
early promoter to express wild-type E4orf6 and E4orf6/7 
proteins and deletion mutants of the E4orf6 protein (E4AC 
and E4AN) has been described previously (22), pCMV-E4AC 
and pCMV-E4AN express E4orf6 amino acids 1-151 and 
109-294, respectively. pC53-SN3 encodes human wild-type 
p53 from the pCMV/neo vector. pGal4-p53 and pGal4-p53C 
express human wild-type p53 (amino acids 1-393) or mutant 
p53 (amino acids 80-393) fused to the Gal4 DNA-binding 
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domain (23) from the pSG424 vector (24). The luciferase 
reporter plasmid pC3G5-LUC was made by cloning the Xbal/ 
Pvull fragment from pFC53G5 (25) containing five Gal4- 
binding sites and the human c-fos promoter (-53 to +42) 
between the Nhe\/Sma\ sites of pGL2basic (Promega). 
pGalTK-LUC contains five GaI4-binding sites upstream of the 
herpes virus thymidine kinase promoter that controls expres- 
sion of luciferase (19). The p53-negative cell line HI 299 (26) 
was grown in Dulbecco's modified Eagle's medium (DMEM) 
supplemented with 10% fetal calf serum (FCS). For luciferase 
assays, subconfluent H1299 cells in 35-mm-diameter tissue 
culture dishes were transfected by calcium phosphate copre- 
cipitation using the indicated amounts of reporter and effector 
plasmids and 0.5 jug of pSV/3-Gal (Promega). Total DNA was 
brought to 10 j^g per plate by adding salmon sperm DNA. 
Total ceil extracts were prepared 36 h after transfection in 100 
fi\ of lysis buffer (Promega) and luciferase activity was assayed 
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with 20 fi\ of extract as described (19). All samples were 
normalized for transfection efficiency by measuring G-galac- 
tosidase activity. 

Transformation Assays. Kidneys were obtained from 6-day- 
old Sprague Dawley rats. Organs were incubated with 1 mg/ml 
dispase-collagenase (Boehringer Mannheim) at 37°C for 4 h, 
and single cells were seeded in DMEM supplemented with 
10% FCS on 90-mm-diameter tissue culture dishes. Then 3 X 
10 6 primary baby rat kidney cells were transfected with the 
indicated amount of each plasmid by calcium phosphate 
coprecipitation. To avoid effects of promoter competition, all 
DNA combinations were adjusted to the same amount of 
cytomegalovirus promoter with pCMV/neo vector, and all 
combinations were brought to 20 tig of DNA per dish by the 
addition of salmon sperm DNA. Three days after transfection 
cells were trypsinized and seeded on three 90-mm-diameter 
dishes in DMEM supplemented with 10% FCS. They were fed 
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Fig. 1 Effects of E4orf6, E4orf6/7, and E4orf6 deletion mutants on p53 transcriptional functions. (A) Inhibition of Gal4-p53 transactivation 
bubcontluent H1299 cells were transfected with the indicated amounts of reporter and effector plasmids ( M g of DNA) tabulated below each bar 
in the graphs, and luciferase activity was determined. The mean and standard deviation are presented for four experiments each performed in 
7-Wc*, { J Rehe f ° f S al4 -P 53C - mediated repression. Three micrograms of reporter plasmid pGalTK-LUC and the indicated amount of 
PCMV-E4 effector plasmids were cotransfected with 1 M g of P Gal4-p53C into H1299 cells and luciferase activity was determined. Bar 1 (counting 
from the left) represents luciferase activity produced by transfecting 3 M g of the reporter plasmid in the absence of any effector plasmids Bar 2 
represents luciferase activity produced by cotransfecting 3 M g of pGalTK-LUC and 1 n of P Gal4-p53C. The mean and standard deviation are 
presented for three experiments, each performed in duplicate. (C) Expression of wild-type E4orf6 and E4orf6 mutant proteins in transfected H1299 
cells. Luciterase assay samples were immunoblotted by normalizing the amount of extract used according to 0-galactosidase activity and probing 
the immunoblot with anh-E4orf6 monoclonal antibody RSA3 (lanes 1-4) and anti-HA monoclonal antibody 12CA5 (lanes 5 and 6). The position 
or molecular mass markers is indicated at left. (D) In vivo interaction of p53 with E4orf6, E4orf6/7, and E4orf6 deletion mutants in H1299 cells 
S cnc/?S ClS T rC sub J' ecled to 'mmunoprecipitation using anti-p53 monoclonal antibody DO-1 (34). The precipitates were resolved on the 
f 7T 7 , P ° y3Cry m ' de gd ' and C0 P reci P itated E4 proteins were visualized by immunoblotting using RSA3 (lanes 1-4) or 12CA5 (lanes 
cn2 /, cl m ° n r " al antlbod,es on two se P arate filters - The coimmunoprecipitation reaction with E4orf6/7 (lane 4) was resolved on a separate 
$ub/\b% polyacrylamide gel. The bands representing the IgG proteins are indicated at left. 
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with fresh medium every 4 days. Three weeks after transfection 
foci were stained with crystal violet and scored. To establish 
permanent cell lines single foci or pools of foci were isolated 
and expanded. The following plasmids were additionally used 
in these experiments: pAd5 Xho\-C contains the left end 
(1-15.5 map units) of the adenovirus type 5 genome and 
expresses the E1A and E1B proteins (27). pAd5 d!338XhohC 
is a derivative of pAd5 Xho\-C and contains a 524-bp deletion 
in the ElB-55kDa coding region located between nucleotides 
2805 and 3329 (28). pCMV-ElA, an E1A expression plasmid, 
has been described (29), and pEJ6.6 encodes mutant Ha-ws 
(30). 

Protein and DNA Analysis. Total cell extracts were prepared 
as described (22) and analyzed by immunoblotting using 
anti-El B-55kDa (2A6, ref. 31), anti-E4orf6 (RSA3, ref. 32), 
anti-p53 (PAb421, ref. 33), and anti-HA (12CA5, Boehringer 
Mannheim) monoclonal antibodies. For PCRs genomic DNA 
was isolated using the QIAamp tissue kit (Qiagen, Chatsworth, 
CA), The E4orf6 cDNAs were PCR amplified from 100 ng of 
genomic DNA using primers orf6fw, 861rev, 461 rev, 331fw, 
and flufix exactly as described previously (22). 

RESULTS 

The Carboxvl-Terminal Region of E4orf6 Is Required to 
Block Both Transcriptional Functions of p53. The p53 tumor 
suppressor protein activates transcription of genes with pro- 
moters containing p53-binding sites (reviewed in ref. 7). p53 
also represses expression of a number of cellular and viral 
genes with promoters lacking p53-responsive elements. Al- 
though the mechanism of the repression is not yet known, it 
appears that only those promoters containing TATA boxes are 
inhibited by p53, whereas those containing an initiator element 
are not repressed by p53. Wild-type E4orf6 protein blocks the 
ability of p53 to enhance expression from reporter constructs 
that contain p53-binding sites (19). This inhibition is also 
evident in transient transfections using a Gal4-p53 fusion 
protein where DNA binding is mediated by Gal4 sequences 
(19). Furthermore, E4orf6 can relieve repression of a Gal4 
fusion protein that contains the carboxyl-terminal region of 
p53 (19). To reveal the effect of mutations in the E4orf6 
protein on both transcriptional properties of p53 we per- 
formed transient transfection assays in p53-negative H1299 
cells. Additionally, we assayed the effect of the E4orf6/7 
protein, which shares 58 amino acids at the amino terminus 
with the E4orf6 protein. This protein has also been found to 
bind to p53 in adenovirus-infected cells (19). First, we tested 
the ability of wild-type E4orf6 and E4orf6 mutants to inhibit 
transcriptional activation of a Gal4-p53 fusion protein. As 
expected, E4orf6 but not E4orf6/7 blocked the induction of a 
reporter gene containing five Gal4-binding sites (pC3G5- 
LUC) byGal4-p53 (Fig. \A). Activation by Gal4-VP16was not 
affected by the E4orf6 protein, demonstrating that its inhibi- 
tion was specific (data not shown). Coexpression of E4AC 
reproducibly resulted in a slight inhibition of p53-stimulated 
transcription. These inhibitory effects were not evident in 
transient transfections using the Gal4-VP16 fusion protein 
(data not shown). In contrast, E4AN did not block transacti- 
vation by the Gal4-p53 fusion protein; rather, coexpression of 
E4AN reproducibly enhanced p53-mediated transactivation 
(Fig. \A). 

The ability of p53 to repress transcription maps to the 
carboxyl-terminal domain of this protein and requires the 
interaction with the TATA-box-binding protein, TBP (23). To 
examine the effect of mutations in the E4orf6 protein on 
p53-mediated transcriptional repression we used a Gal4 fusion 
protein that contains p53 amino acids 80-393 (Gal4-p53C, ref. 
23). Cotransfection of plasmids pCMV-E4orf6 or pCMV- 
E4AN with pGal4-p53C alleviated the repression of the re- 
porter plasmid pGalTK-LUC in a dose-dependent manner, 



whereas coexpression of E4orf6/7, E4AC, and the expression 
cassette without an inserted E4orf6 cDNA (pCMV/neo) had 
no effect (Fig. IB). To determine whether these results are due 
to differences in expression of wild-type and mutant proteins 
or might be explained by a failure of both truncated polypep- 
tides to bind to p53, we analyzed extracts from transfected 
H1299 cells by Western blotting and coimmunoprecipitation 
assays (Fig. 1 C and D). The results from these experiments 
demonstrate that all transfected plasmids express stable pro- 
teins at roughly the same level. Wild-type E4orf6 and E4AC 
proteins efficiently coprecipitated with the p53 polypeptide, 
while deletion of amino acids 1-108 in mutant E4AN decreased 
the interaction but did not abolish it. The E4orf6/7 protein 
interacted weakly with p53 in this assay, which is consistent 
with previous observations that E4orf6/7 inefficiently binds to 
p53 in vitro. Our data suggest that an 186-amino acid segment 
from the carboxyl-terminal region of E4orf6 is required but 
not sufficient to inhibit Gal4-p53-stimulated transcription, 
while expression of this segment is sufficient to relieve Gal4- 
p53C-mediated transcriptional repression. Additionally, our 
data indicate that the amino-terminal region of E4orf6 is 
involved in the p53 interaction. 

E4orf6 Interferes with p53-Mediated Suppression of 
ElA/ElB-19kDa-Induced Focus Formation. Plasmids encod- 
ing wild-type p53 efficiently interfere with the ability of 
adenovirus El A and E1B proteins to elicit neoplastically 
transformed foci upon transfection of primary cells in tissue 
culture (4). In light of the fact that E4orf6 modulates the 
transcriptional properties of p53 we asked whether the E4orf6 
protein overcomes the inhibitory effect of wild-type p53 on 
El A- and ElB-mediated focus induction. To assay directly the 
effect of E4orf6 and E4orf6 mutants on p53 "suppressor" 
activity it was necessary to exclude expression of the E1B- 
55kDa protein because this protein binds to both p53 and 
E4orf6 (19, 35). We therefore studied the effect of p53 and 
E4orf6 on the transformation of primary rodent epithelial cells 
by pAd5 dl338Xhol-Q which directs the synthesis of E1A and 
ElB-19kDa proteins. Primary BRK cells could be transformed 
efficiently with plasmid pAd5 dl338Xho\~C (Fig. 2). Cotrans- 
fection of pCMV-E4orf6 resulted in a slight decrease in the 
number of foci, whereas inclusion of plasmid pC53-SN3, which 
expresses human wild-type p53 under the control of the 
cytomegalovirus promoter, reduced the number of foci by 
almost 70%. No such reduction was seen when wild-type 
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Fig. 2. Wild-type E4orf6 and E4AN efficiently interfere with 
p53-mediated suppression of pAd5 rf/338A7ioI-C-induced transforma- 
tion. Primary BRK cells were transfected with the indicated amounts 
of plasmids (/xg of DNA per 3 x 10 6 cells). Focus-forming activity is 
represented as a percentage of E1A plus ElB-19kDa activity. The 
average number of foci for pAd5 <//338A7it>I-C was 21 in four inde- 
pendent experiments. 
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E4orf6 or mutant E4AN proteins were coexpressed in com- 
bination with p53 and El A plus ElB-19kDa proteins. Instead, 
on average there was a reproducible increase of over 50% in 
the number of foci. In contrast, cotransfection of plasmids 
pCMV-E4AC or pCMV-E4orf6/7 with pC53-SN3 and pAd5 
d/338A7ioI-C had no significant effect on p53-mediated sup- 
pression on focus formation. Hence, wild-type E4orf6 and 
mutant E4AN proteins antagonize p53 functions which are 
necessary for p53 to prevent focus formation. Apparently, this 
activity correlates with the ability of E4orf6 and mutant E4AN 
to modulate the transcriptional properties of the carboxyl- 
terminal domain of p53 in transient transfection assays. 

E4orf6 Promotes Focus Formation in Cooperation with E1A 
and E1B. Blocking p53 transcriptional functions is an integral 
part of the molecular mechanisms by which adenovirus E1B 
proteins contribute to transformation of primary cells in 
cooperation with adenovirus E1A proteins (12, 15). Because 
the E4orf6 protein binds to p53, modulates transcriptional 
properties of p53, and overcomes p53-mediated inhibition of 
transformation, we analyzed the ability of wild-type and mu- 
tant E4orf6 proteins to transform primary BRK cells in 
conjunction with El A and El A plus E1B proteins. Primary 
BRK cells were transfected with plasmids expressing the El A 
gene in combination with wild-type E4orf6, E4AC, E4AN, or 
E4orf6/7 (Fig. 3A). To monitor the efficiency of the transfor- 
mation experiment El A was cotransfected with activated 
Ha-ras, which is known to strongly cooperate with El A in the 
transformation of rat cells (4). Coexpression of El A with 
Ha-ras resulted in an average of 108 foci in three independent 
experiments (data not shown). Transfection with plasmids 
expressing ElA and E4orf6 or E4AN produced on average 8 
and 16 morphologically transformed cells, respectively. No foci 
were observed in transfections with ElA alone, ElA plus 
E4AC, and E 1 A plus E4orf6/7, or when increasing amounts of 
pCMV-E4orf6 plasmid were included in the transformation 
mixture (Fig. 3/1). ElA/E4orf6 and E1A/E4AN foci devel- 
oped more slowly and differed in their morphology from the 
ElA plus ras ones, but they could be easily propagated into 
permanent cell lines. Curiously, all cell lines established from 
foci generated in the presence of pCMV-ElA plus pCMV- 
E4orf6 or pCMV-E4AN failed to express any detectable ElA 
and E4orf6 proteins and did not contain the viral DNAs, 
whereas expression of ElA was detected in cell lines estab- 
lished from foci transformed by ElA and Ha-ras (data not 
shown). 

To assay the effect of E4orf6 and E4orf6 mutant derivatives 
on ElA- plus E IB-induced transformation, primary BRK cells 
were transfected with a plasmid expressing the El A and E1B 
genes (pAd5 Xho\-C) in combination with the E4orf6- and 
E4orf6/7-expressing plasmids (Fig. 3fl). Cotransfection of 
wild-type pCMV-E4orf6 with pAd5 Xlio\-C resulted in a more 
than 2-fold increase of foci compared with pAd5 A7toI-C alone. 
Slightly lower numbers of foci were obtained when pAd5 
XhoX-Q and pCMV-E4AN were cotransfected. No such in- 
crease was seen when wild-type E4orf6/7 or mutant E4AC 
proteins were coexpressed with ElA plus E1B proteins. Re- 
markably, on average there was a reproducible reduction of 
35% and 50% in the number of foci with pCMV-E4AC and 
pCMV-E4orf6/7, respectively. Together, these experiments 
demonstrate that E4orf6 can promote focus formation in 
cooperation with ElA and can also cooperate with ElA and 
E1B proteins to increase the number of transformed cells. 
Apparently, these activities depend also on the function of the 
carboxyl-terminal region of E4orf6. 

E4orf6 Antagonizes the ElA-Induced Metabolic Stabiliza- 
tion of p53 in Transformed Rat Cells. Individual foci or pools 
of foci were selected for G418 resistance and expanded into 
cell lines. Transformants derived from cotransfections of pAd5 
Xho\~C with pCMV-E4orf6/7 grew very slowly and could not 
be cloned into cell lines. In contrast, all other foci were readily 
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cloned into permanent cell lines, which were subsequently 
subjected to protein and DNA analyses. High levels of wild- 
type E4orf6 and mutant E4AN proteins could be detected in 
five monoclonal cell lines originating from cultures cotrans- 
fected with pAd5 XhohC. Identical results were obtained when 
two polyclonal cell lines derived from pools of foci were 
analyzed for expression of E4orf6 (ABS cells) and E4AN 
proteins (ABSAN cells; Fig. 44). At this time we cannot say 
with certainty whether mutant protein E4AC is expressed in 
cell lines established from individual or pooled foci (ABSAC 
cells), although PCRs confirmed the presence of the E4AC- 
cDNA in all cell lines tested (Fig. 45, lane 6). The p53 protein 
accumulated to high levels in cells expressing ElA and E1B 
proteins (AB cells; Fig. 4/1, lane 2), most likely due to the 
ElA-induced metabolic stabilization of p53 (36). In contrast, 
the levels of p53 were greatly reduced in ABS cells expressing 
wild-type E4orf6 and ElA plus E1B proteins (Fig. 4A, lane 3). 
However, ABSAC and ABSAN cells contained p53 protein in 
amounts comparable to those in AB cells. Since p53 accumu- 
lates in ABSAN cells which express the mutant E4AN protein, 
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Fig. 3. Transformation experiments. (A) E4orf6 cooperates with 
El A to promote focus formation. Primary BRK cells were transfected 
with the indicated amounts of plasmids, and morphologically trans- 
formed colonies were scored 3 weeks after transfection. The mean 
number of dense foci from three independent experiments is pre- 
sented. (B) E4orf6 cooperates with El A and El B proteins to enhance 
the number of cell transformants. Focus-forming activity is repre- 
sented as a percentage of pAd5 Xho\-C activity. The average number 
of foci for pAd5 Xho\-C was 33 in four independent experiments. 
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Fig. 4. Protein and DNA analysis. (A) Immunoblot showing the 
steady-state levels of ElB-55kDa, E4orf6, E4AN, and p53 proteins in 
cell pools originating from cotransfections with pAd5 Xho\-C. The 
same amount of total protein form each pool was resolved on 
SDS/12% polyacrylamide gels and subjected to immunoblot analysis 
with monoclonal antibodies 2A6 (ElB-55kDa), RSA3 (E4orf6), 
12CA5 (E4AN), and PAb421 (p53). The bands representing the viral 
proteins and p53 are indicated at right. (B) Analysis of viral cDNAs 
in ABS, ABSAC, and ABSAN pool cells. The viral cDNAs were PCR 
amplified as described in the text. The following primers were used: 
orf6fw and 861 rev (lanes 2 and 5); orf6fw and 461rev (lanes 3 and 6); 
and 331fw and flufix (lanes 4 and 7). Genomic DNA isolated from 
BRK cells was used in the control reactions. The size of the PCR 
products (bp) is indicated at right. 

these results indicate that the observed reduction of p53 
steady-state levels in transformed ABS cells correlates with the 
expression of wild-type E4orf6 protein and that an amino- 
terminal segment of E4orf6 (residues 1-108) is required for 
this activity. 

DISCUSSION 

In this report we have demonstrated that the adenovirus 
E4orf6 protein can cooperate with E1A and E1A plus E1B 
proteins to promote focus formation of primary rat cells. 
Similar effects of the E4orf6 protein in transformation exper- 
iments have been recently reported by Shenk and coworkers 
(37). We found a positive correlation between the transform- 
ing potential of E4orf6 and its ability to alleviate transcrip- 
tional repression of the carboxyl-terminal region of p53. We 
further demonstrate that E4orf6 antagonizes the El A-induced 
metabolic stabilization of p53 in transformed rat cells. 

The ability of E4orf6 to promote focus formation is depen- 
dent on the function of its carboxyl-terminal region. Deletion 
of a 142-amino-acid segment from the carboxyl terminus of 
E4orf6 did not inhibit p53 binding (Fig. 10) but abolished its 
ability to inhibit p53-stimulated transcription and its ability to 
relieve p53-mediated repression (Fig. 1 A and B). Thus, the 



carboxyl-terminal region of E4orf6 interferes with both tran- 
scriptional functions of p53. The transforming properties of 
E4orf6 correlated with its ability to alleviate p53-mediated 
transcriptional repression (Fig. IB). Considerable evidence 
indicates that transcriptional repression mediated by the car- 
boxyl-terminal region of p53 may be important in mediating 
apoptosis (reviewed in ref. 7). This function requires the 
interaction with TBP and presumably TAFs (38). Since the 
E4orf6 protein blocks the p53-TAFII31 interaction and inter- 
feres with p53-mediated transcriptional repression it seems 
most likely that the adenovirus protein promotes focus for- 
mation by blocking p53-induced apoptosis. In fact, Moore etal 
(37) have recently shown that the E4orf6 protein can indeed 
block the induction of p53-mediated apoptosis, but not apo- 
ptosis induced by tumor necrosis factor a or cycloheximide. 
According to our results this activity is dependent on the ability 
of the carboxyl-terminal region of E4orf6 to relieve transcrip- 
tional repression mediated by the carboxyl-terminal region of 
p53. 

The function of the amino-terminal region of E4orf6 in the 
modulation of p53 function is unclear. Although this region 
seems to be required to inhibit p53-stimulated transcription 
(Fig. IA), it is clearly dispensable for the transforming prop- 
erties of E4orf6, since deletion of this segment (residues 
1-108) even increases the focus-forming activity of the E4orf6 
protein in cooperation with E1A (Fig. 3A). However, it 
appears that the amino-terminal region of the E4orf6 protein 
is required to antagonize the ElA-induced metabolic stabili- 
zation of p53. Transformants expressing the mutant E4AN 
protein (residues 109-294) contain high levels of p53 in 
comparison to transformants expressing wild-type E4orf6 
(Fig. A A). In fact, this activity might be responsible for the 
observed effect that more foci were obtained with wild-type 
E4orf6 than with E4AN in cotransfections with E1A and E1B 
(Fig. 3B). The work from Moore et ai (37) demonstrates that 
the E4orf6 protein reduces the half-life of p53 in transformed 
cells. A similar effect has been described previously for 
productively adenovirus-infected cells (39). However, the work 
by Grand and colleagues (39) indicates that this activity 
additionally requires the expression of the ElB-55kDa protein, 
which forms a physical complex with E4orf6 in lytically 
infected cells (40). Moreover, we have recently shown that 
ElB-55kDa binds to the amino-terminal 55 amino acids of the 
E4orf6 protein in vitro and in 293 cells (22). Thus, is seems very 
likely that the reduction of p53 steady-state levels in virus- 
infected and transformed cells is mediated by the ElB-55kDa- 
E4orf6 protein interaction. 

It is noteworthy that immunoprecipitation experiments from 
adenovirus-infected cells indicate that the E4orf6/7 protein 
also binds to p53 (19). Weak binding of E4orf6/7 to p53 was 
also evident in coimmunoprecipitation assays from transfected 
H1299 cells (Fig. ID) and in glutathione 5-transferase binding 
experiments (ref. 19 and M.N., unpublished results). However, 
our data demonstrate that E4orf6/7 has no effect on both p53 
transcriptional functions (Fig. 1) and does not cooperate with 
E1A and El A plus E1B proteins in the transformation of 
primary rat cells (Fig. 3). Rather, coexpression of E4orf6/7 
significantly decreased the focus-forming activity^ of pAd5 
XIwl-C (Fig. 3B). Similar effects were observed with mutant 
E4AC (Fig. 3B). These data indicate, but do not prove, that 
overexpression of E4orf6/7 and E4AC may cause cytotoxic 
effects in rat cells, which are obviously reduced in the presence 
of the carboxyl-terminal region of E4orf6. Because the two 
proteins share 58 amino acids at their amino termini it is 
tempting to speculate that this region might contribute to these 
effects. This might also explain the observation that increasing 
amounts of pCMV-E4orf6 reduced the number of foci in the 
El A/E4orf6 transformation assay. The recent observation by 
Moore et ai (37), which shows that El A/E4orf6 transformants 
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contain very low to nondetectable levels of E4orf6 protein, 
provides additional support for this view. 

Our data fit well in a model in which binding of E4orf6 to 
the carboxyl-terminal region of the p53 protein inactivates p53 
function and promotes focus formation in cooperation with 
El A and El A plus E1B proteins. However, the lack of 
cooperation with E4orf6 and E1A plus ElB-19kDa (pAd5 
J/338 Xhol-C) in the transformation assay is a notable excep- 
tion to this correlation (Fig. 2). One possible explanation for 
this result is that E4orf6 and ElB-19kDa have redundant 
activities that modulate p53 function. According to our data, 
E4orf6 and ElB-19kDa may inhibit, at least in part, p53- 
induced apoptosis by modulating the same transcriptional 
repression function of p53. Remarkably, we observed a sig- 
nificant increase in focus-forming activity when cells were 
transfected with pAd5 dl338Xhol-C and plasmids encoding 
human wild-type p53, wild-type E4orf6, or E4AN (when 
compared with pAd5 dl33SXfw\-C alone). This enhancement 
is similar to previously described results showing that mutant, 
but not wild-type, p53 stimulates focus formation in combi- 
nation with E1A (3, 4). Possibly, the E4orf6 interaction near 
the carboxyl terminus induces a "mutant" conformation (re- 
viewed in ref. 20) in the overexpressed p53 protein that 
additionally enhances focus formation. 

Finally, it should be noted that all established cell lines 
originating from cotransfections with E1A and E4orf6 or 
E4AN did not contain the viral cDNAs and consequently the 
viral proteins. Curiously, these transformants could be easily 
cloned and propagated and were morphologically different 
from all other transformants. Hence, it appears that transient 
expression of El A with E4orf6 or E4AN, but not with 
E4orf6/7 or E4AC, allows the accumulation of mutations in 
cellular genes that result at least in the morphological trans- 
formation of these primary epithelial rat cells. 

There is accumulating evidence that other viral proteins 
from different DNA tumor viruses — i.e., human papilloma 
virus E6, hepatitis B virus Hbx, and Epstein-Barr virus 
BZLF1 — bind to the carboxyl-terminal region of p53. Given 
the importance of this domain in the regulation of the tumor- 
suppressor function of p53, these protein interactions may 
represent a general mechanism by which these viruses modu- 
late p53 function and trigger oncogenic transformation. 
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